The search for weak-interaction induced atomic parity non-conservation, initiated in the 70s, challenges both theory and experiment. Since the weak interaction is very short-range, the atomic effects increase rapidly with nuclear charge, as ¢ ¡
Introduction
The 1956-1957 Parity Revolution [1, 2] shook physicists' belief in symmetries, so strongly taken for granted that mirror symmetry had hardly been tested [3] . The fifty year anniversary of the Parity Revolution coincides with the EBIT twenty year celebration. This paper presents a broad view of the development of atomic theory over two decades, in connection with the quest for atomic parity non-conservation (PNC), which challenged the development of methods to treat pair correlation for relativistic systems. The road to calculations of PNC effects also passes calculations of other properties involving the atomic nucleus, such as hyperfine structure, isotope shift and hyperfine anomalies.
The combination of atomic theory with experimental results can give information about nuclear distributions, which may be relevant for the study of atomic parity non-conservation, with and without accompanying violation of time reversal symmetry. An EBIT-related example is the calculation of the Bohr Weisskopf effect in Tl in connection with measurements by Peter Beiersdorfer and colleagues [4] . § © ! " # % $ # ' & ) ( 1 0 3 2 5 4 7 6 9 8
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is the "weak nuclear charge", which depends on the strength of the weak interaction parameters. The short-range character of the interaction is indicated by & b (  1 0  3 2 , which is a normalized nuclear distribution, essentially following the neutron distribution. The parity admixture is caused by the operator For a long time, it was believed that the effect of the weak interaction was too small to be observed. The quest for atomic parity non-conservation was initiated by Bouchiat and Bouchiat [6] who pointed that the effect is strongly enhanced for heavy atoms, displaying a H E c behaviour. By using semiempirical methods they could demonstrate that it might be observable for heavy atoms. They suggested a few candidate atoms, such as Cs, Tl, Pb and Bi. During the years to come, experiments were undertaken at a number of laboratories, including Paris, Oxford, Seattle, Novosibirsk, Berkeley and Boulder. After initial years of confusing and contradicting results, the effect is now well established. The most precise results have been obtained for Cs (Z=55), where the experimental accuracy is at the 0.4% level [7, 8] . These results challenge theoretical calculations [9, 10] . At this level of accuracy, a careful treatment of the Breit interaction [11, 12] and QED effects [13] is necessary for agreement between theoretical and experimental data [11, 12] .
As a method to circumvent the need for accurate atomic calculations, it has been suggested [14] that measurements of parity non-conservation be performed over chains of isotopes, under the assumption that the atomic factor would be the same for all isotopes. The dependence on the weak charge could then be factored out. A complication, which limits the attainable accuracy, as pointed out by Fortson et al [15, 16] , is that the neutron distribution is, in general, not known, in contrast to proton distributions which have long been studied, e.g. through isotope shifts in atomic transitions. James and Sandars [17] performed a parametric analysis of the sensitivity, both to changes in the charge radii and to differences between neutron and proton radii.
The weak interaction between nucleons may also give rise to a parity non-conserving nuclear anapole moment [18, 19] . This combines with the spin-dependent part of the electron-nucleon parity nonconserving interaction. This results in a hyperfine dependence which has been measured for Cs [20] , and experiments are underway for other systems, including Fr [21] .
Electric Dipole Moments and Time Reversal Violation
"The argument against electric dipoles raises directly from the question of parity. A nucleus with an electric dipole moment would show an asymmetry between left-and right-handed coordinate systems. In one system the dipole moment would be parallel to the angular momentum and in the other antiparallel.", Ramsey and Purcell write in a 1950 paper [3] and continue by noting that "the question of a possible existence of an electric dipole moment of a nucleus or of an elementary particle [...] becomes a purely experimental matter".
Although the existence of parity violating interactions is well established, the experimental search for a possible neutron electric dipole moment (EDM) continues to provide only more and more stringent upper limits. An EDM violates not only parity, but also symmetry under time reversal [22] , (most easily visualized by reversing all motions). CP violation, which implies T violation if CPT is conserved, was discovered in the decay of neutral K mesons in 1964 [23] . The ever-falling limits of the EDM of neutron and other particles have caused the fall of many theories to explain CP violation [24] .
In 1987, when I first met Norman Ramsey ( Figure 1 ), I asked him if he thought that a neutron EDM would be found. He replied that since we know that CP is violated, it should exist "unless nature is particularly malevolent against Norman Ramsey". He continued to point out that it was less clear whether it would be found during his lifetime. Twenty years later, particle EDMs remain elusive, but other examples of CP violation have been observed, in the decay of neutral B mesons [25, 26] . In the limit of non-relativistic point particles, no atomic electric dipole moment can be induced by an EDM of a charged particle. However, through relativistic effects an electron EDM can induce an atomic EDM, as much as 100-1000 times larger in easily polarizable systems, such as Cs and Tl [29, 30] . The finite extension of the nucleus makes it possible, e.g. for a proton EDM, d a e , to cause an atomic EDM if the nuclear charge and dipole distributions differ. The observable effect depends on "Schiff moments", proportional to [31] . Schiff moments have to be obtained from nuclear theory and can also include additional contributions from P and T violating nucleon-nucleon interactions. In section 2.3, we show how observed hyperfine anomalies in Tl give a measure for the change in the difference between the nuclear charge and magnetic moment radii.
Polar Molecules
Experiments have also been performed for polar molecules, following the observation by Sandars that "a polar molecule can be almost completely polarized in attainable laboratory electric fields" making it possible to obtain large effective electric fields at the nucleus, which "will no longer average to zero, but will be parallel to the external field" [32] . Stringent experimental limits have been obtained for TlF [33, 34, 35, 36, 37] , and YbF [38, 39] . Quantum chemists have risen to the challenge of applying relatively complete computational methods inlcuding a relativistic treatment also for such complex systems as TlF [40, 41] , YbF [42] and PbO [43] .
Nuclear Effects in Atomic Spectra
The nucleus affects atomic spectra in many ways. A well-known example is the hyperfine interaction between electrons and the nuclear magnetic moment, which results in a small splitting of spectral lines. The 21 cm hyperfine transition in the ground state of hydrogen provides the universal length scale for the plaque sent out with Pioneer. The hyperfine structure of the ground state of sc ¦ c
Cs defines the second in the SI system of units. Accurate measurements of atomic hyperfine structure have been available since the 1950s, through the development of radio-frequency techniques [44] .
Both the hyperfine interaction and the parity non-conserving interactions are sensitive to the electronic wave functions close to the nucleus, which depend on the nuclear charge distribution, which are, c in general, relatively well known. However, the search for parity non-conserving effects raises a need for increased understanding of nuclear structure, including nuclear distributions other than those traditionally studied. The electroweak electron-nucleus interaction involves the neutron distribution, and the search for possible P and T violating effects in the nucleus involves so-called "Schiff moments". These distributions and moments must often be obtained from nuclear theory, and any additional experimental information may provide useful calibration for these calculations. One example is the hyperfine anomaly, resulting from isotopic differences in both charge and magnetization distribution, discussed more in Sections 2.1 and 2.3.
Nuclear Charge Distributions
The early theorists, without access to computers, had strong reasons to use analytical descriptions of charge distributions and potentials, that enabled series expansions of analytical solutions of the wavefunctions within and close to the nucleus. A common choice was the homogeneous charge distribution inside a radius Experimental information about charge distributions are derived from many sources, including electron scattering. The experimental data indicate that t ¥ P y 8 # fm gives a reasonable approximation for the homogeneous distribution. Clearly, the tail of a real nucleus is less sharp than indicated by the homogeneous distribution. The tail is often described in terms of a "skin thickness", , defined as the distance in which the charge density falls from 90% of its central value to 10%. Experiments indicate that is about 2.3 fm for most nuclei. The results from electron scattering experiments and are often expressed in terms of parameters for a Fermi-distribution [45] , which gives a realistic description of the nuclear distribution [46, 47] , and at the same time provides considerable flexibility in the analysis:
where, is the half-density radius and is related to the skin thickness as
. For vanishing skin thickness, the Fermi form reduces to the homogeneous distribution with a radius t . Another source of information are muonic X-ray energies. These probe somewhat different moments of the nuclear distribution, the so-called "Barrett moments",
. Nevertheless, the results are quoted also in terms of g 0 Y i [48] . Optical isotope shifts provide an important source of complementary information, in particular for chains of radioactive isotopes. It is found that the changes in charge radius along an isotope chain are, in general, smaller than indicated by the textbook formula above. The isotope shifts also reveal an "odd-even staggering" of the
values, providing evidence of nuclear shell structure [49, 50] . Spectacular recent applications include the precision determination of the "deuteron structure radius" from the hydrogen-deuterium isotope shift of the 1s -2s two-photon resonance [51] and the study of Li isotope shifts [52] , further discussed by Gordon Drake at this meeting.
Nuclear Charge Distribution and Electronic Wavefunctions
Outside the nucleus, the potential is identical to that from a point nucleus:
. Close to the origin, the potential is essentially constant. This determines the behaviour of the orbitals for very small 0 , which is obtained by a series expansion of the coupled radial equations from the Dirac We note that atomic orbitals with P # (i.e. s and p s w v Y orbitals) have an appreciable probability within the nucleus, where their density is essentially constant. The effect of the nuclear distribution on atomic properties then becomes proportional to the expectation value,
is well-known from studies of optical isotope shifts, which are changes in transition frequency between different isotopes of an element. The "field" or "volume" isotope shift is the part due to the different charge distributions and is to a first approximation expressed as y
, where
For heavy nuclei, also the next terms in the expansion of the wavefunctions become significant. The electron density then varies within the nucleus and higher moments, 9 g 0 a i
, . . . of the nuclear distribution contribute. These can be accounted for through "Seltzer" correction factors, p [53] , which have been tabulated [54] . The correction factor for Bi, e.g., is about 0.92. The correction factors are of course not needed if the distribution is used directly in the calculation.
The energy of a system is only weakly influenced by details in the nuclear charge distribution. Even for H P %
, using an extended nuclear charge gives only an 0.1% reduction of the binding energy. Differences between different distributions are less than a percent of the correction itself. However, for atomic properties sensitive to the wavefunction close to the nucleus, the effect is much larger. Using a point charge, with the resulting unphysical behaviour of the wavefunction at 0 , then leads to overestimates by several percent for high H . An important observation for the study of nuclear properties is that the orbital behaviour within the nucleus depends on the angular momentum, but is essentially independent of the binding energy. For very heavy nuclei, the binding energies are a larger fraction of the nuclear potential energy, giving a small W -dependence in the orbital behaviour close to the nucleus, as demonstrated e.g. by Shabaev [55] for hyperfine structure corrections for different values of
For a many-electron system, all electrons are affected, but mainly through their interaction with the modified P # orbitals. It is then the sensitivity of the interaction of the P # orbitals that needs to be studied in detail.
The effect of the nuclear distribution can be parameterized in terms of the moment
of the nuclear charge. To facilitate comparisons between different calculations, we therefore suggest that whatever nuclear distribution is used, these moments should be given (or sufficient information provided to make their extraction easy). 
Hyperfine Anomalies and the Importance of Charge and Magnetization Distributions
The magnetic hyperfine structure (hfs) arises from a coupling between the magnetic moments of the nucleus and the electron, given by § © ¦ m ! ¡ 0 Y
for a point magnetic dipole. The magnetic hyperfine interaction (Eq. 3) leads to an energy splitting which is often expressed as u m ¢ a £
, where ¢ and £ , are the angular momenta of the nucleus and the electron, respectively. The hfs was an early source of information about nuclear spin and magnetic moments. In general, magnetic moments are known better through other sources, such as NMR. Hyperfine structure can thus be used in order to test atomic wavefunctions [56] .
The ratio between the magnetic moment and the " u -factor" is, however, found to vary slightly between various isotopes of an element. This difference is expressed in terms of an"hyperfine anomaly":
Part of the hyperfine anomaly arises from differences in the charge distribution (the so-called BreitRosenthal effect [57, 58, 59] ). Another contribution to the hyperfine anomaly, the "Bohr-Weisskopf effect" [60] arises from the distribution of nuclear magnetic moment, which leads to a modification of the hyperfine interaction (3) within the nucleus. In this way, the hyperfine anomaly can give information about differences in the magnetic moment distribution.
Isotope Shifts
The change,
, in charge radius between two isotopes contributes to the differences in transition energies between the isotopes u and u « ª . The transition energies are also sensitive to the mass differences between different isotopes, due to the kinetic energy of the nucleus. The resulting isotope shifts can be written in the form [61] 
To provide a scale relating the observed isotope shifts to the desired 9 g 0 Y p i r § § values, it is necessary to calculate or estimate the specific mass shift constant,
¬° ¦ «°
, as well as the factor x p for the field shift, discussed in Sec. 3.2. From a computational point of view, it is often convenient to deal directly with shift of individual levels [62] , which can be defined as the shift of the binding energy. Using many-body perturbation theory, starting with a closed-shell core as a reference, this quantity is obtained directly [63] , without the need to "determine the weight of a captain by weighing the ship before and after he enters the ship".
For heavy systems the mass shift is very small. In the case of the 7s -7p transition. This result will be modified by correlation effects, expected to reduce the SMS, as indeed found in the recent calculations by Dzuba et al [64] , who obtain SMS/NMS @ Ã B P % 8 R
. For a relativistic system, the expressions for the mass shift should be modified, but this has so far been neglected in view of the small size of the effect. 
The Field Isotope Shift
The "field" or "volume" isotope shift arises due to the different nuclear potentials resulting from the different charge distributions. The field shift is sensitive to the change in electron density at the nucleus between the two states involved in the transition. A first approximation of the field shift constant is
. For a heavy nucleus, the electron density varies within the nucleus, and also higher moments, 9 g 0 a p i
, ... contribute. The "Seltzer" correction factor [53] , p , in Eq. 4 has a value of about 0.93 for Fr [54] . The approach used in our calculations is to replace the contact interaction by an alternative operator that includes the radial dependence of the correction [65] .
In the absence of theoretical values, the field shift constant for an s electron is often estimated from the s-electron hyperfine structure. Using the relations between the non-relativistic operators gives
where
which has the numerical value 
Î Ï
) accounts for the anomalous magnetic moment of the electron. Corrections to the ratio can arise from several sources. Most important is the modification due to the significantly larger relativistic correction factor for the field shift. For a many-electron system, the different angular structures of the operators lead to differences in the corrections from the manyelectron interactions, as analysed, e.g. in connection with calculations for K [66] and Fr [67] .
Atomic Theory

Hyperfine Structure in Alkali-Like Systems
Hyperfine structures of alkali-like systems are an old application of Many-Body-Perturbation Theory (MBPT) with many accurate experimental results available for comparison [44] , giving an indication of the accuracy to be expected.
The starting point for our calculations is usually a Dirac-Fock description of the closed-shell core. The Dirac-Fock potential from the core orbitals is then used to generate the valence orbital, as well as excited orbitals. Evaluating the effect of the hyperfine interaction on the valence orbital, itself, often gives a qualitatively correct description. A Dirac-Fock valence orbital, e.g., gives about 60-70 % of the ground state hyperfine structure in the alkali atoms. For the iso-electronic singly ionized alkaline earth elements, the agreement is, of course, better, about 70-80% for the ground state. The situation is, however, quite different for cases where the hyperfine structure is inverted or strongly perturbed.
A first correction is often obtained by noting that the additional perturbation affects each electron, leading to a modification of the the potential felt by the other electrons. Keeping terms to lowest order in the external perturbation in the construction of the Dirac-Fock potential leads to a set of coupled equations which can be solved by iteration [68, 69, 70] in procedures closely related to the "randomphase approximation" (RPA). For the ground states in the alkalis, these RPA-type calculations [69, 71] reproduce about 75-85% of the experimental values, improved to about 90% for the alkaline earth ions. In some cases, like the 4d 6 v Y states in Rb [72, 73] and SrÑ , the RPA terms lead to an inversion of the hyperfine structure. In these cases, correlation effects are clearly crucial, and have been dealt with to higher orders.
Methods to treat single-particle effects to all orders, were applied to the study of parity nonconserving effect from early days [74, 75] , whereas a relativistic treatment of correlation took longer to develop. 
Atomic Theory Twenty Years Ago
At the time of the first EBIT spectrum, whose twenty-year anniversary this conference celebrates, the ability to perform accurate calculation of atomic pair correlation was emerging. During the years to come, challenges both on the formal, numerical and computational level have been met, enabling theorists to deal with many different properties for heavy atoms, producing accurate numbers, valuable both in their own right and as tests to demonstrate the expected accuracy of calulcations where experimental data are not available for comparison.
Various types of non-relativistic methods had been developed to deal with correlation in different systems, including variational methods, such as CI (configuration interaction) and MCHF (MultiConfigurational Hartree-Fock) [76] and perturbational methods, such as MBPT (many-body perturbation theory) and Coupled-Cluster (CC) methods [77] . In general, variational methods were employed mostly for overall spectra and oscillator strengths, whereas perturbation approaches were often applied to properties resulting from interactions close to the nucleus, such as hyperfine structure and isotope shifts, which do not necessarily give large effects on the total energy.
Twenty years ago, many physicists working on atomic calculations met at a symposium in Trieste. Helium-like systems were a natural first step to inclusion of correlation effects for a many-electron system. For these systems, the very accurate theoretical results by Drake [78] provide a benchmark.
During the Trieste meeting a few groups presented results of their efforts to treat relativistic pair correlation, both on a formal and computational level. Although Dirac-Fock (DF) and Multiconfiguration Dirac-Fock (MDCF) [79, 80] in general gave good results for many properties, doubts had been cast on the fundament for these calculations [81] . The Dirac equation, used to obtain a relativistic wavefunction for the electron, has solutions both for positive and negative energies, where the negative energy solutions are seen as describing positrons. Mathematically, a complete set of solutions to the c £
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Dirac equation includes both types. For a two-electron system, there is an infinite number of combinations of one positive and one negative energy electron for any given sum of one-electron energies. If perturbation theory is applied without caution, the denominator will be zero for an infinite number of combinations, resulting in a "continuum dissolution". In a variational theory, the presence of these states may lead to a "variational collapse". In practice, the problem may be of limited importance, where boundary conditions restrict allowed solutions.
Sucher (Figure 2 ) advocates the application of projection operators [81] . However, even then, caution is required. The distinction between positive and negative energy one-electron functions depends on the potential used in the equation to define the orbital basis. It is a matter of preference if a perturbation is seen as modifying the basis set or as leading to admixtures of virtual electron-positron states [82, 83] . Hardekopf and Sucher [84] found that a projection of the nuclear potential onto positive free-electron states caused a lowering of the 1s electron ground state of hydrogen-like ions. This illustrates that the projection onto free-electron positive energy states in fact led to inclusion of negative energy states of the hydrogen-like system [85] .
Implementation of projection operators directly in the equations [86] leads to additional complications. Most calculations use instead an explicit summation over orbitals obtained with boundary conditions allowing only electronic states [87, 88, 89] . As in the case of non-relativistic calculations, the summation over angular momenta must be truncated. However, the relativistic corrections exhibit a slower angular convergence, Y , compared to for the dominating non-relativistic term. For increased precision, the angular extrapolation may be performed separately for the relativistic correction [87] . The slow convergence is caused by the cusp for 0 s 0 Y , made even sharper by the application of projection operators, whether explicit or not.
Recent developments have aimed for a merging between many-body perturbation theory and QED [90, 91] .
With the ability to treat pair correlation in a relativistic framework, the difficulties in the generalization to many-electron systems are very similar to the non-relativistic case, although the computational demands grow larger due to the need to treat two components for every orbital, and two j-values for every angular momentum (except s). A few examples of calculations for many-electron systems are presented in the next section.
Numerical Results
In this section, a few examples of numerical results are presented as illustrations. The first example is a calculation of the hyperfine structure of the R 7 Y É state of rubidium-like strontium. This state is of interest as a possible clock transition, and the calculations were performed to assist the search for the transition. The second example is a comparison of many-body effects on hyperfine structure and isotope shifts of the ground state of Fr. The numerical results enable more accurate extractions of isotope differences in nuclear charge radii. Finally, experimental and theoretical results for hyperfine anomalies in neutral Tl are combined with results for hydrogenlike Tl, and gives a comparison between changes in nuclear magnetization and radii.
The Hyperfine Splitting of the
R Y É
state of SrÑ Single, trapped ions have come to play an important role as possible frequency standards, with several different candidate ions. One such ion is SrÑ , which is studied by the NPL [92, 93] . A possible improvement might involve the odd isotope Ò Ó S r, which has the nuclear spin 9/2. The feasibility depends on the size of the hyperfine structure of the 4d 6 v Y state, and a coupled-cluster calculation was performed to provide guidance in the search.
For the hyperfine structure of this state, several large contributions cancel partially and correlation effects were found to be extremely important -a few times larger than the final result [94] . Similar nonrelativistic calculations were performed for Rb [95] . 
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to change smoothly with increasing atomic number, until it drops abruptly going from the inert gas to the alkali atom, and then even further reaching the alkaline earth. This "orbital collapse" results when the nuclear charge is sufficiently strong to pull part of the orbital inside the centrifugal barrier [97, 96] . The "effective potential" for the 4d electron in Rb or SrÑ is the result of a subtle balance between the nuclear attraction, the repulsion from the core electrons and the centrifugal term. Corrections due to correlation effects can then have large effects, and often leads to a significant contraction of the valence orbital [72] . For the 4d states in Rb, this "Brueckner orbital" (BO) modification doubled the g 0 c i
value for the valence electron, whereas the increase for the 4d states in Sr is only about 25%. Following the calculation of the hyperfine splitting in the 4d 6 vY state of SrÑ , it has now been found and measured [98, 99] -within the theoretical uncertainty. The accurate theoretical results can also be used to extract nuclear quadrupole moments. A number of additional calculations have been performed more recently [100, 101, 102] .
Many-Body Effects and Nuclear Charge Distributions in Francium
Isotope shifts have been studied for long chains of isotopes, making possible systematic studies of isotopic differences in nuclear charge distributions. Early analyses of the experimental results were based on Hartree-Fock calculations by Bauche [103, 104] . Many-body perturbation theory was first applied to the study of isotope shift of Li, K [63] , Ne [105] , Na [65] , He [106] and Ca [107, 108] .
After the development of relativistic methods, also heavier atoms could be studied, such as Yb [109] , Tl [110] , and Fr [111] . More recently Dzuba et al [64] performed an analysis of the isotope shifts for alkali-like systems.
We describe here briefly the results for the 7s and 7p states in Fr, as an illustration of similarities and differences between the higher-order corrections for hyperfine structure and isotope shifts. Francium has been suggested as a candidate system to study isotope-dependent parity non-conservation [112] Isotope shifts in the range
Fr were measured in the mid-eighties at ISOLDE [113, 114] and recent accurate hyperfine anomaly measurements may give a handle on neutron distributions [112] .
The relativistic coupled cluster calculations, [111, 115] included pair excitations from core orbitals down to 5s and excitations up to ©
. Using these wavefunctions to evaluate properties gives several corrections to the Dirac-Fock single-particle matrix element. Some of the many-body corrections differ between various operators, due to their different angular structure [66, 111] .
The ratio between the field shift constant and the hyperfine structure of an s state can be changed if corrections to the wavefunctions affect the two properties differently. The DF ratio remains unchanged when Brueckner type corrections are added, since these are in effect a modification of the orbital. For both properties the Brueckner orbital corrections bring an increase of 42% for the 7s state in Fr.. However, the screening effects ("RPA" type corrections) differ: The hyperfine structure is sensitive only to the spin density at the nucleus, whereas the field shift is represented by a scalar operator and is sensitive to the total electron density. An all-order treatment of the screening was found to add 9% and 3%, respectively to the Brueckner orbital value for the hyperfine structure and field shift constants of the 7s state. The different angular structure of the operators also modifies the detailed correlation effects, although, in general, these are often smaller than the BO corrections, in the case of Fr bringing a reduction of about 3% for both operators.
The imperfect analogy between the FS and hfs for s-states illustrates that different operators, with different angular structures, probe different aspects of the interaction between valence and core orbitals. This is, of course, true also of nuclear densities, and it can thus not be taken for granted that the nuclear charge distribution gives an adequate description for other properties.
The calculated hyperfine structure, A(7s)/g , in charge radii obtained from optical isotope shifts [113, 114] .
More recently Dzuba et al [64] performed an analysis of the IS for alkali-like systems, including Fr. They included a partial summation of three-particle correlation effects, and obtained a field shift constant of
, with an estimated uncertainty of 1%. These calculated field shift constants lead to revised values, of 9 g 0 Y i
in Fr, slightly larger than earlier tabulations. The results illustrate how atomic calculations in combination with accurate experiments can provide information about other properties, including nuclear structure. In the study of highly charged hydrogen-like systems, more detailed knowledge of the nuclear charge distribution makes possible more stringent comparisons between theory and experiment, for energies and hyperfine structure, discussed in the next section.
Hyperfine Anomalies and the Bohr Weisskopf Effect, for
Y ¥c
Tl and
Y¥ 6
Tl The study of highly ionized systems shifts the focus to QED effects. For hydrogen-like systems, no atomic correlation is present. However, in order to provide an accurate comparison with calculated radiative corrections, it is important that the influence of nuclear structure is well understood.
Measurements of hfs for highly-charged hydrogen-like systems have been reported for several elements:
ReÓ Ñ , were found to differ considerably from predictions based on a single-nucleon description for the nuclear magnetization [55, 121, 122] . For the case of Tl, which is closer to a double-magic nucleus, better agreement should be expected.
However, without resorting to nuclear theory, the isotopic difference in hfs for the hydrogen-like systems can be predicted by using hyperfine anomalies for neutral Tl [110, 122] To find the importance of changes in the charge distributions, calculations were performed for orbitals obtained with several different choices of the parameters, and , in the Fermi distribution for the charge distribution(1). The orbitals obtained for different distributions were then used to evaluate the hyperfine interacation. The "Breit-Rosenthal" effect can be expressed in terms of a correction factor ( Q P B u a Ü Ý 2
, which can be parametrized in terms of changes in the charge distribution, using u a Ü Ý q B « Þ 9 g 0 Y ß i (neglecting any changes in the skin thickness). For the interaction with an extended magnetic dipole moment, which gives less weight than a point dipole to the electron orbital for very small radii, we obtained the value fmY , considerably larger than the change in charge radius.
Conclusion
The search for atomic parity non-conservation stimulated the development of atomic calculations. Fundamental problems were encountered during the development. The methods to treat pair correlation in a relativistic framework have come a long way since the early efforts in mid-eighties. These developments enable theorists to make useful predictions, and to interpret experimental results from atomic spectroscopy in terms of nuclear properties or interaction parameters. However, the extraction of parameters is sometimes limited by an incomplete understanding of the nuclear physics involved. Today many of the results obtained from a combination of atomic theory and experiment direct the challenge to nuclear theory. The study of atomic physics on the borderline to nuclear and particle physics brings together physicists with very different backgrounds, and is characterized by many-body interactions, both on the particle and personal level.
